[Abstract] This paper presents the research developments for the global nonlinear control of an autonomous airship, covering the full flight envelope from hovering to aerodynamic flight. It focuses on the longitudinal control of the airship using two different Sliding Mode control techniques that are the classical sliding mode and the unit vector approach. The design methodologies for both techniques are presented along with some representative simulation results.
specifications, based on linearized models of the airship dynamics. The linear based controllers may be a sufficient solution for some kind of specific applications, especially in the aerodynamic flight 1, 3 . We can cite the experimental results obtained for the AURORA airship for path following in AF (and with constant airspeed) through a set of predefined points in latitude/longitude, along with an automatic altitude control reported in Ramos et al. 4 and de Paiva et al. 5 However, for applications where the airspeed (and thus the dynamics) has a large range of variation, the linearized controllers may not yield a good performance.
In this case, the search for a global nonlinear control scheme covering the full flight envelope from HF to AF is strongly recommended. The main challenges for the control system are the nonlinear and abrupt behavior change of the dynamics between the HF and AF zones, the very different dynamics in low and high airspeeds, and the modeling uncertainties. Two nonlinear control solutions are under investigation for the AURORA airship at present, namely Backstepping 6, 19, 25 , and the Sliding Mode Control 7, 12 . The preliminary reports for the Backstepping approaches were presented in the previous AIAA-LTA conference 6, 19, 12 . In the present work, the last results on the Sliding Mode technique for the longitudinal control of the airship are shown. The Sliding Mode Control (SMC) is a class of nonlinear, variable structure method, presenting one or more discontinuities in the space of states of a system 12 . Therefore, the structure of the system is changed or switched each time the state crosses this discontinuous surface, called sliding surface. It is a powerful control technique yielding high robustness to model uncertainty and external disturbances. SMC is commonly used in the control of ROVs 13 and also in the aeronautics field 14 . We present here the design and simulation results for two different approaches of Sliding Mode Control: i) Classical Multivariable Sliding Mode 10, 11 , ii) Unit Vector approach 14, 15 . By now, the control law was designed and implemented using force inputs only. Both SM approaches differ basically in the design of the sliding surface and also in the fact that the second one (Unit Vector) includes a feedforward input coming from an ideal model reference. The two techniques were compared regarding robustness, accuracy (offset errors) and complexity in the design and in the control law. The comparative simulation was done using the AURORA Simulation environment 11 . In this simulated test the airship was submitted to large variations in the airspeed (0-15 m/s), while receiving commands to follow given altitude and velocity profiles. In the sequel, we present the design of the two sliding mode approaches along with the comparative results. The nonlinear control design is the main subject of the ongoing research of Project AURORA, and the better approach among Backstepping and Sliding Mode Control will be selected for future application in the airship onboard control and navigation system.
II. Nonlinear Airship Dynamics
For the current phase of the Project AURORA, the LTA robotic prototype has been built as an evolution of the Airspeed Airships' AS800. It is a non-rigid airship with 10.5 m long, 3.0 m diameter, and 34 m 3 of volume, whose payload capacity is approximately 10 kg and maximum speed is around 50 km/h (Fig. 1 ).
In order to develop an accurate mathematical model of the airship flight dynamics, the following aspects were taken into account 13 : (i) the model considers the airship virtual masses and inertias due to the large volume of air displaced by the airship; (ii) the airship motion is referenced to a system of orthogonal axes fixed to the vehicle, whose origin is the Center of Volume (CV), assumed to coincide with the gross Center of Buoyancy (CB) (see Figure 2) ; (iii) the airship is assumed to be a rigid body, so that aero elastic effects are ignored. The dynamic model is defined in the airship frame. The orientation of this body-fixed frame (X, Y, Z) with respect to an Earth-fixed frame (X E , Y E , Z E ) is obtained through the Euler angles (φ, θ, ψ ), corresponding to the roll, pitch and yaw angles, respectively. The airship linear and angular velocities are given by (u, v, w) and (p, q, r), respectively. Taking into account the above assumptions, the airship dynamics may be expressed as:
where M is the 6x6 mass matrix that includes both the actual inertia of the airship and the virtual inertia elements associated with the dynamics of buoyant vehicles; V= [u,v,w,p,q,r] T is the 6x1 vector of airship velocities; F d is the 6x1 dynamics vector containing the Coriolis and centrifugal force terms, and also the wind-induced forces 5 ; F a is the 6x1 vector of aerodynamic forces and moments; F p is the 6x1 vector of propulsion forces and moments, and F g is the 6x1 gravity forces and moments, which are function of the difference between the weight and buoyancy forces.
As main control actuators (Figure 2 ), the AS800 airship has four deflection surfaces, and a pair of propellers driven by two engines. The four deflection surfaces at the tail are arranged in a '×' shape, but they generate the equivalent rudder and elevator commands of the classical '+' tail, with allowable deflections situated in the range -25 to +25 degrees. The main propellers generate the necessary forces to control the airship motion. Their vectoring (ranging from -30 to +120 degrees up) is used for vertical load compensation and to control the longitudinal motion at low airspeed. Additionally, a stern horizontal electric thruster is used in the low speed operation. 
III. Sliding Modes: the Classical Approach
The Sliding Mode Control (SMC) is a class of nonlinear, variable structure method, presenting one or more discontinuities in the space of states of a system 20 . Therefore, the structure of the system is changed or switched each time the state crosses this discontinuous surface, called sliding surface. A possible drawback is that the control signal tends to switch around the zero error region giving a high frequency input to the control actuator, called chattering. However this can be avoided by the use of a soft (or pseudo) switching structure. It is a powerful control technique yielding high robustness to model uncertainty and external disturbances. SMC is commonly used in the control of ROVs 21 , and also in the aeronautics field 22, 23 .
The MIMO SMC developed in this first phase is adapted from the approach presented in Healey and Lienard 21 . A longitudinal controller to follow a given altitude and velocity profile is derived based on linearized models of the airship. Although the design of the SMC controllers relies in the model linearization for a given airspeed, the results are however applied to a wide range of airspeeds due to the high robustness of the nonlinear switching control. A methodology is presented for the derivation of the sliding surface, and the bounded stability is proved. In order to evaluate the approach, a representative simulation test was performed, using the 6 DOF airship simulation environment, where the airship is submitted to a large variation in airspeed.
In the sequel, the derivation of the classical sliding mode control law for the longitudinal mode of the AURORA airship is presented. Firstly, let us adapt the airship dynamics and kinematics from (1) , to the following equations: The output y is required to follow a given reference , such that the error y com
tends to zero with global stability. The objective of the design of the SMC is to define the sliding hyperplane S, and a discontinuous control law ensuring that the error state attains a sliding mode. The hyperplane in the error space is given by:
Let us assume the linearized error dynamics/kinematics for a given trimmed condition as 
where δf denotes the differences between the linear and nonlinear models. And let us propose the following control law for the system as 
where the superscript "+" denotes the pseudoinverse, and ) ( t u is the control effort comprised of two parts, a linear equivalent control u equivalent , and a nonlinear switching term u switching in , whose components are defined as )
where η i are positive constant parameters. Supposing that matrix B is full rank, we can select matrix S 1 as identity, and the substitution of the control law (4) 
The global stability of will now be proved. Let us consider the Lyapunov function σ
where V is positive definite. Then, from (5) and (7), and considering sufficiently high gains η i, the global assimptotic stability of the system is assured as
However, to avoid the usual chattering problems, associated to the switching control, it is necessary to redefine in (5) as )
where the parameters φ i are used to adjust the chattering smoothing. And in this case, the asymptotic stability turns into a bounded stability. Now, let us derive the system dynamics in the sliding surface, when we have σ 0 = . In this case, the substitution of in (6), and supposing matched dynamics ( = .
Therefore, the dynamics of the system in the sliding surface is given by the choice of matrix S 2 . As we have , as well σ and S 1 =I, we can consider = 0 Thus, with S 1 and S 2 determined, the control law in (4) is defined. The choice of parameters η i and φ i depends on the level of activity desired for the respective actuators input, and the level of the reducing (smoothing) in chattering. Therefore, the closed loop system dynamics is represented by a sliding manifold, that is a hyperplane in the error space, which the controller strives to converge the system toward. The switching term is effective when the system diverges from this zero sliding surface, forcing it to come back (despite the unmodeled dynamics and nonlinearities), and the equivalent controller is effective when upon the sliding manifold.
IV. Sliding Modes: the Unit Vector Approach
This section presents a slightly different approach of the sliding mode control technique. Although the control law continues to be switched according to a switching surface, the design of the non-linear control law is different. Due to the switching property of the controller, chattering is a concern and must be avoided. The advantage of this control technique is high robustness to model uncertainties and external disturbances.
The MIMO SMC developed in this section is adapted from the approach presented in Edwards and Spurgeon
24
. The controller derived is based on linearized models of the airship. Although the design of the SMC controllers relies in the model linearization for a given airspeed, the results are however applied to a wide range of airspeeds due to the high robustness of the nonlinear switching control. A methodology is presented for the derivation of the sliding surface, and the bounded stability is proved. In order to evaluate the approach, a representative simulation test was performed, where the airship is submitted to a large variation in airspeed.
Along with this new approach to the sliding mode control design, this section carries out the design of a model reference to the system. As shown in Edwards and Spurgeon 24 , it is not possible for any system to follow an arbitrary model reference without asymptotical tracking errors and some conditions should be matched in this case.
Consider the longitudinal dynamics of a blimp described in (2) and its linearization for a given trimmed condition
where x comprises the information about and p of equation (2).
( ) t v
A model reference for this linearized system must contain the desired specification of each state of the system. As described in Edwards and Spurgeon 24 , the system will be able to follow the model reference if its dynamics can be described as 
Replacing equations (9) and (10) into equation (11) 
The aim of the design of the SMC is to define the sliding hyperplane ( ) 
where and Q are partitions of and in the regular form, Tr is the transform matrix for the regular form, is an appropriate sized identity matrix and is a positive definite solution to the algebraic matrix Riccati equation 
− =
The control law must now be designed to ensure that the error state ( ) t e tends to zero. So the error state and its derivatives must equal zero as . From equations (9), (10) and (12), the error dynamics for the nonlinear system can be written as (12), (13) and the switching matrix defined by (14) , a possible choice of the control law is δ is used to avoid the chattering phenomenon.
V. Simulation Results
In order to validate both approaches for the Sliding Mode Control methodology, a simulation test was performed, using a 6 DOF nonlinear model based simulation environment 11 . The trimmed condition used to derive the linearized dynamics of the airship is Figures 4 and 6 it is important to notice that a positive vertical force would cause a drop in altitude. That is the reason why during the interval form 90s to 150s the force input Fw increases while the altitude drops from 70m to 65m. Note that although the design of the SMC controllers are based upon linearized models for a given airspeed, the results are however applied to a wide range of airspeeds due to the high robustness of the sliding control.
VI. Conclusion
In this paper the authors presented two approaches for the design of MIMO Sliding Mode Controllers for the navigation of the AURORA Airship in the longitudinal mode. The bounded stability of the system is proved and the results are illustrated through a simulation example where the airship is submitted to a large variation in airspeed.
The results show that both approaches are strong and robust tool for the design of a single global control scheme for Unmanned Vehicles. The strong points of the SMC approach are the simplicity and easy of calculation of the control law, and its robustness to the unmodeled dynamics and perturbations. The main drawbacks are the possible arise of chattering in the control actuation, and the difficulty of adjust or tuning of the switching gains and ρ . In the future, an optimization approach will be proposed so that the tuning of the switching gains will be obtained as the solution of a nonlinear programming problem.
η
The inclusion of a model reference showed up to be a powerful strategy to minimize the errors as it generates best command signals. Although this technique is present only in the unit vector approach, it can be used by the classical sliding mode control approach with minor modifications of the switching matrix and the control law.
Further developments are necessary prior to flight tests, that are: (i) possible inclusion of adaptive gains or estimators to widen the operational airspeed to higher values; (ii) estimation of the model uncertainty for which the global stability is assured, that means the calculation of a robustness measure of the controller; (iii) extension to the hovering (zero groundspeed) case, that is a regulation problem; (iv) extension to the lateral mode control.
The nonlinear control design is the main subject of our present works, and the better approach among Sliding Mode Control and Backstepping will be selected in the future for the airship onboard control and navigation system.
